The present study was undertaken at Dang (soudano-guinean zone of Cameroon) to determine the variability of 100-seed weight, geometric surface, porosity and sphericity of the seeds of 10 cowpea (Vigna unguiculata) genotypes and investigate the genetic basis of these characters through a 5x5 half-diallel cross mating. Knowledge of the physical properties of the seed of cowpea was necessary for the design of equipment for transporting, sorting, cleaning, separating, smashing and processing it into different foods. The experimental design was a randomized complete block with three replicates. Analysis of results showed that these genotypes presented a significant variability for the four physical properties. The average properties of seed were found to be a hundred seed mass of 20.46g, a surface area of 0.84 cm 2 , a sphericity of 35.50% and a porosity of 0.65. Genetic analysis demonstrated that the parents differed for their general combining ability (GCA) and the crosses showed specific combining ability (SCA). These physical parameters were highly heritable with broad-sense heritability (h 2 ) values ranged from 0.76 to 0.96 suggesting that genetic advance was expected. Both dominant and additive gene effects were significant for all traits with a predominance of additive genes for seed mass and dominant genes for degree of sphericity. The alleles for seed weight, degree of porosity and sphericity were mostly recessive whereas the higher performances for seed surface where due to the presence of dominant alleles. Heterosis in F 1 over best parent was recorded for some combinations. For these traits, recurrent selection might be a useful breeding strategy.
INTRODUCTION
Cowpea (Vigna unguiculata [L.] Walp.), one of the most widely adapted, versatile, and nutritious grain legumes in the hot regions of Africa, Asia and the Americas, constitutes one of the principal source of plant protein in northern Cameroon (Hall et al., 2003; Noubissié et al., 2007) . V. unguiculata which in older references may be identified as V. sinensis, is grown on about 12.5 million ha in warm to hot regions of the world (Ehlers and Hall, 1997) . Annual global production is about 4 million tons (Hall et al, 2003) . Dry seeds for human consumption are the principal product of the plant, but leaves, fresh peas, and fresh green pods are consumed by many poor people who do not have access to broadly based diet by many poor people who do not have access to broadly based diet (Hall et al., 2003; Langyintuo et al., 2003) . Cowpea has potential of becoming an industrial crop and widespread consumption of convenience foods containing significant amounts of cowpea substantially increased the demand and value of cowpea seed (Hall et al., 2003; Ajeigbé et al., 2008) . Mohsenin (1970) noted that an understanding of the physical laws governing the responses of the biological material to various handling and processing methods is a fundamental requirement in the design of machines for handling them. Knowledge of the physical properties of V. unguiculata seed, which is processed into an array of traditional foods ("akara","moin-moin", "koki"), is necessary for the design of equipment for harvesting, transporting, sorting, cleaning, separating, smashing, extracting and processing it into different foods (Kabas et al., 2007; Maundé et al., 2007) . Threshing of cowpea is one of the most important steps in its processing and normally done manually. Recent studies also try to incorporate computer modeling to aid in the process of threshing with machine (Maunde et al., 2007) .
These physical properties affect the conveying characteristics of solid materials by air or water and cooling and heating loads of food materials (Unal et al., 2006) . For instance, sphericity is one of the most important properties because it affects how easily cowpea can be processed by the food industry (Kabas et al., 2001) . Seed index (weight of 100 seeds) directly influences the productivity and determines grain quality for commercialization and also the seed vigor (Drabo et al., 1984; Lopez et al., 2003 , Rahman et al., 2005 . According to Ehlers and Hall (1997) , in cowpea, the consumer shows preference for a seed standard from medium to large (15 to 30g). The volume and density of the seeds play an important role in numerous technological processes and in the evaluation of product quality (Taiwo, 1998) . Therefore, to produce seed of a specific size, and to meet a specific market demand, a better understanding of the inheritance pattern and gene interactions that govern physical traits is required along with an understanding of potential environmental influence. Variations in cowpea seed physical properties among varieties were found by Drabo et al. (1984) , Taiwo (1998) , Olapade et al. (2002) , Lopes et al. (2003) , Unal et al. (2006) , Kabas et al. (2007) , Maunde et al. (2007) , Noubissié et al. (2007) and Kaptso et al. (2008) . Many studies have reported on the physical properties of grains or seeds of plants, such as pea (Gupta et al., 1984; Yalcin et al., 2007) , cumin (Singh and Goswami, 1996) , bambara groundnuts (Baryeh, 2001) , cotton (Ozarslan, 2002; Rahman et al., 2005) , sesame (Tunde-Akintunde and Akintunde, 2004), vetch (Yalcin and Ozarslan, 2004) , safflower (Baumer et al., 2006) , dry beans (Ceyhan, 2006) , rice (Thakur and Gupta, 2006) and chickpea (Konak et al., 2002; Hossain et al., 2010) . However, research on the genetics of these properties is limited until now. Proper understanding of genetic mechanisms involving in expression of these physical characters would help in planning effective breeding strategies. The purpose of the present study was to evaluate in cowpea the varietal differences and assess through diallel analysis the genetic control of four main physical properties; so that the quality of the seed can be genetically improved. 2 (10.5m length x 7m broad). Each plot unit consisted on one row of 3m length x 0.35m broad, spaced 30cm apart. Three seeds of each variety were sown at an intra-row spacing of 25cm and thinned to one per hill, 20 days after sowing (DAS). The plots were manually weeded at 20 DAS, 40 DAS and at 60 DAS. At flowering stage, plots were sprayed with a standard insecticide formulation, cypermethrin + dimethoate at the rate 30g + 250g a.i/L, to control pod borers and flower midges. A mineral fertiliser (7% N; 14% P 2 0 5 ; 7% K 2 0) was applied to the seedlings three weeks after planting at rate of 60 kg per ha. A maturity, harvesting was done at four-day intervals, when the pods were ready for picking. Seeds were separated from dry pods. Five genotypes which were chosen based on their genetic variation for these traits and planted in pots from September to December 2008 for crossings. Six plastic pots containing farm soil, farmyard manure and sand at ratio of 3:1:1, were used for each parent and two seeds were planted per pot. At flowering, manual crossings were carried out with emasculation to provide F 1 generation. A 5x5 half-diallel mating was obtained giving 15 combinations consisting of five parents (n) and 10 F 1 hybrids n (n-1)/2.The five parental along with the 10 F 1 hybrids obtained were planted in field in RCBD with three replications during the rainy season 2009. Sowing took place on April 15, 2009, at the beginning of the rainy season on an experimental surface of 105m 2 (10.5m x 10m). Plot unit size, spacing, weeding, treatments and harvesting were as previous described for variability study. Physical properties: The cowpea seed were kept in cooled bags for transport to the laboratory. The seeds were cleaned in an air screen cleaner to remove all foreign matter such as dust, dirt and chaff as well as immature and damaged seeds. The initial moisture content of the seeds was preliminary determined by drying at 105°C for 24h (Yalcin and Ozarslan, 2004) .
MATERIALS AND METHODS
The 100-seed mass was measured by using an electronic balance of 0.001g sensitivity (Sartorius Prodilab, France).
The sphericity and the surface area of cowpea seeds were calculated according to Mohsenin (1970) and Baryeh (2001) . For each replication, 50 seeds were selected at random per genotype and their individual length (L), width (W) and thickness (T) were measured from three main dimensions which are in three perpendicular directions using a micrometer gauge reading to 0.01 mm (Junior Chrome Mat Roch / France). L was defined as the distance from the eye's seed to opposite end, while W and T taking in two opposite perpendicular direction of eye seed represented the major and minor seed diameters. The average diameter of seed was calculated by using the geometric mean D g of the three axial dimensions. D g was calculated by using the following relationship (Unal et al., 2006) .
The surface area (S) of cowpea seed was found by analogy with a sphere of same geometric mean diameter, using the following equation.
2 ) The sphericity (φ) cowpea of seeds was estimated by using the following relationship.
The percentage porosity () which is the fraction of the space in the bulk seeds which is not occupied by the grains, was determined by the following equation (Unal et al., 2006) .
Where: ρ b is the bulk density in g ml
and ρ f is the seed density in g ml -1
. Seed true density (ρ f ) was measured by the liquid displacement method using sample of 25 seeds (Mohsenin, 1970, Yalcin and Ozarslan, 2004) . The volume of liquid displaced was found by immersing weighed seeds in the toluene (C7H8).The bulk density ρ b was determined according to the standard test weight procedure by filling a container of 500 ml with the seeds from the height of 150mm at a constant rate and then weighing the content (Baryeh, 2001) .
Genotypic variability for studied traits: For each genotype, the physical properties were studied in three replicates. Data of the 10 pure lines were subjected to ANOVA using computer program STATGRAPHICS PLUS. The genotypic means were compared using Least Significant Difference at 5% level of probability (LSD 5%).
Genetic analysis:
The genetic analysis was done from the 5x5 half-diallel mating using DIALL microcomputer package (Ukai, 1989) . The Griffing's (1956) method 2 (excluding reciprocal F 1 crosses), model 1 (fixed effects) was used to analyze the GCA of lines and the SCA of crosses. The analysis of variance by Walters and Morton (1978) was used for the study of inheritance of the characters. The genetic parameters were estimated as per Hayman (1954) . With this approach, the components of variation were partitioned into the additive effects (a) and the dominance effect (b which is further subdivided into b1, b2 and b3). Heritability in broad sense (h (Mather and Jinks 1971) . Heterobeltiosis (HB %) was estimated as deviation of F 1 value (F 1 ) from the better parent value (BP) as suggested by Fonsecca and Patterson (1968) . The following formula was used: HB % = (F1 -MP) / MP x 100. Significance of HB% was by 't' test using SE value.
RESULTS AND DISCUSSIONS

RESULTS
Genotypic variation for seed physical properties
Analysis of variance indicated significant differences between the genotypes for all the investigated characteristics ( Table 2) . The values of 100-seed weight ranged from 15.35 for HM to 25.06g for HALM (mean = 20.46g). The geometric surface of seed ranged from 0.35 (HM) to 1.40cm 2 (HMO) (mean = 0.84%). The degree of porosity was high for lines HM and Hoyo, and varied from 17.75 to 50.75% (mean = 35.30 %). The values of sphericity were calculated by using data on geometric mean diameter and the major axis of the seed. Results indicated that the sphericity of the seed ranged from 0.42 to 0.86% and seeds of varieties HMO and HALM showed the highest percentages for this trait. 
Genetic analysis of physical properties:
The ANOVA of the 5 x 5 half-diallel mating with Walters and Morton's (1978) method showed the significance of genotypic effects and their components (Table 3) . Both additive (a) and dominant effects (b) were all significant (p  0.05). Within (b), the mean dominance effects (b 1 ) were significant only for seed weight while the additional dominance effects due to the parents (b 2 ) appeared non significant only for the degree of porosity. The residual dominance effects (b 3 ) were also highly significant (p  0.01) for the four physical traits.
For each physical trait, the genetic parameters (average degree of dominance, direction of dominance, correlation between the degree of dominance and parental value) as well as the broad and narrow sense heritability values were presented in Table 4 . Broad and narrow sense heritability for these characters were ranged from 0.76 (sphericity) to 0.96 (surface) and from 0.26 (sphericity) to 0.67 (seed weight) respectively. The direction of dominance was negative for all traits except the geometric surface area. The average degree of dominance (H 1 /D) 1/2 was greater than one only for the geometric surface. For other physical traits, the component due to the additive effects (D) was greater than that of dominance effects (H 1 ). The regression coefficient of Wr against Vr (Table 4) varied from -0.311 for surface area to 0.96 for seed weight. The correlation between parental values (Pr) and recessive factor (Wr+Vr) was positive but non significant for seed weight (r = 0.64), positive and significant for porosity (r = 0.96) and sphericity (r = 0.92), but negative for seed surface (r = -0.93) ( Table  4 ).
The analysis of variance based on Griffing's (1956) method showed that the mean squares of GCA and SCA were significant (p  0.05) for all traits (Table 5 ). The value of  2 GCA / 2 SCA ratios demonstrated that GCA variance was higher than SCA variance component for the various characteristics (26.00 for seed weight, 1.46 for surface, 1.79 for porosity) except for the degree of sphericity (GCA/SCA = 0.61). The estimates of GCA effects of the various parents for seed physical properties (Table 6 ) revealed that BR1, NH and 573 had positive significant values for seed weight; HM and CRSP had positive significant values for geometric surface; NH and HM presented significant positive GCA for degree of porosity while CRSP, BR1 and 573 showed positive significant values for sphericity. Genotypes HM and NH exhibited significant negative GCA for degree of sphericity while CRSP and BR1 showed significant negative values for porosity. Globally, the parents studied possessed high proportion of dominant genes for these physical traits (Table 6 ). Values in parenthesis represent the heterobeltiosis (HB) in percentage; * Significant at p = 0.05 and ** Significant at p = 0.01.
Among 10 cross combinations (Table 7) , the hybrids HM x CRSP, NH x 573 (good x poor general combiners) and CRSP x 573 (good x good general combiners) for degree of sphericity; HM x BR1 and CRSP x NH (good x poor general combiners) for degree of porosity; CRSP x HM (good x good general combiners) and BR1 x NH (poor x poor general combiners) for geometric surface; CRSP x NH (good x poor general combiners) for seed height, were identified as good specific combiners. Results for heterosis over best parent (Table 7) revealed that only combination CRSP x NH exhibited positive significant heterobeltiosis (HB = 10.4%) for seed weight while CRSP x HM and BR1 x NH cross showed a significant positive heterobeltiosis for geometric surface (HB = 13.3% and 19.45%). For the degree of porosity, significant positive HB value was recorded in cross BR1 x HM (6.5%). Two hybrids showed positive significant HB for degree of sphericity with values ranged from 22.1 (CRSP x HM) to 23.3% (573 x NH).
DISCUSSION
Significant differences amongst the ten pure lines for seed physical properties indicated the presence of diversity in the material. Variability for cowpea physical properties was also reported by Drabo et al. (1984) , Taiwo (1998) , Olapade et al. (2002) , Lopes et al. (2003) , Kabas et al. (2007) , Noubissié et al. (2007) , Yalcin (2007) , Ajeigbé et al. (2008) , Kaptso et al. (2008) . When the physical properties values obtained in this research were compared with those of previous studies, they were within normal limits. Studying cowpea seed from Antalya (Turkey) at moisture content of 8.5%, Kabas et al. (2001) noted an average porosity of 38.8%, a sphericity of 0.77, a surface area of 1.61cm 2 and a hundred seed mass of 20.5g. Ehlers and Hall (1997) noted that the existing variation for seed size in cowpea ranged between less than 10g per 100 seeds and approximately 30g. Kaptso et al. (2008) pointed out that the seed weight, degree of sphericity and surface area in bambara groundnut were higher than in cowpea. The distribution of values of these physical properties for the tested population appeared to be continuous and suggested a quantitative inheritance for these traits. This supports the findings of earlier studies by Drabo et al. (1984) , Lopes et al. (2003) and Noubissié et al. (2007) . As reported by Lopes et al. (2003) , Konak et al. (2007) seed physical properties are genetically controlled but the implementation of the program is affected by the environmental factors in particular moisture content and temperature (Rahman et al., 2005; Yalcin, 2007) . Baryeh (2001) evaluated physical properties of Vigna subterranea seed as function of grain moisture content varying from 5% to 35% (wb) and observed in this moisture range, the 100 seed mass increased from 50.02g to 80.06g, the grain surface area increased from 304 to 495 cm 2 , the sphericity decreased from 0.90 to 0.82 while the porosity increased non-linearly from 38.0 to 43.8% between 5% to 20% grain moisture and then decreased to 40.5% at 35%. The same trends were observed in cowpea (Yalcin, 2007) , in cotton by (Ozarslan, 2002) , in sesame (Tunde-Akintunde and Akintunde, 2004), in vetch (Yalcin and Ozarslan, 2004) , in safflower (Baumler et al., 2006) and in pea . Ajeigbé et al. (2008) observed that in cowpea, seed weight was positively correlated with dry seed hardness (r = 0.77) and crude protein content (r = 0.73) but negatively correlated with % carbohydrate (r = -0.78), final viscosity (r = -0.84) and dry seed density (r = -0.75). Selection for big seed will increase protein content and seed hardness but decrease carbohydrate content, viscosity and seed density. Knowledge of geometric surface would help in deciding the clearance between the abrasive surfaces for dehulling and would also help in designing the grader, cleaner and separator for the seeds.
The significance of the mean dominance deviation (b 1 ) for all seed physical properties indicated that there is a non-directional dominance effects (Walters and Morton, 1978) . Similar results were found by Lopes et al (2003) for seed weight. The significant b 2 item illustrated an uneven distribution of dominant genes among the parents for seed weight, surface area and sphericity, reflecting that some parents harbored considerably dominant genes than others. Dominant and recessive loci were not harmoniously distributed among the parents for these characteristics except the degree of porosity where symmetric of gene distribution was observed. The residual dominance (b 3 ) which tests the part of the dominance unique to each F 1 , was significant for all traits confirming the presence of specific dominance or combining ability in some crosses.
704
The significance of mean squares due to GCA and SCA showed the importance of both additive as well as the non-additive component of genetic variance for determination of these traits (Hayman, 1954) . However, the magnitude of additive genetic component was more than the non-additive component as revealed by  2 GCA / 2 SCA for all characteristics except the degree of sphericity in which the non additive component was higher. The preponderance of additive genes relative to dominance genes toward cowpea seed weight was particularly high expressive, characterizing an additive allelic interaction. Similar trends were reported by Lopez et al. (2003) and Hossain et al. (2010) who noted that the type of allelic interaction predominant between the genes that condition variability in cowpea seed weight is additive. Gupta et al. (1984) , Rahman and Saad (2000) , Rahman et al. (2005) also found positive and significant additive genetic effects for seed weight of Pisum sativum, Vigna sesquipedalis and Gossypium hirsutum respectively. This result is crucial for breeding programs because additive variance, which depends only on the contribution from homozygotes and can be fixed by selection, is the most important component in gain prediction expressions. When an additive allelic interaction is predominant, selection is facilitated, because superior individuals will produce superior descent. Rahman et al. (2005) observed that the patterns of inheritance for seed surface area in cotton were highly sensitive to the temperature and were controlled by additive genetic effects under heat stress conditions and by dominant genetic effects under non-stress regime.
Broad sense heritability values were high (76% -96%) suggesting that that the largest part of the observed variation of these physical properties was genetic in nature and the influence of the environment was smaller. Therefore, the possibility of obtaining a satisfactory selection gain is evident. High heritability values were also suggested for cowpea seed weight by Drabo et al. (1984) , Lopes et al. (2003) , Kabas et al. (2007) . The estimated coefficients of heritability for other physical traits were within the limits found in previous studies (Noubissié et al. 2007 ). According to Lopez (2003) at least eight genes control seed size in cowpea. In chickpea, Hossain et al. (2010) revealed that seed size which is closely related to weight is governed by two major complementary genes, where small size is dominant. The values for heritability in narrow sense represented the percentage of total variation attributed to additive-nature genetic causes (Mather and Jinks, 1982) . The high values of narrow sense heritability in diallel analysis (0.67 corresponding to 82.7 % of genetic variation) for seed weight emphasized remarkably large additive effects. Hence, it might be possible to improve this trait by adopting pedigree method (Mather and Jinks, 1982) . The occurrence of high values for narrow sense heritability indicated that the selection for seed size can be made in early generations. For seed surface, sphericity and porosity, the values of narrow sense heritability represented respectively 42.7%, 32.2% and 48.7% of the genetic variation, suggesting high influence of dominance gene effects particularly for sphericity. For all traits other than surface area, the average of degree of dominance (H 1 /D) 1/2 was no greater than one suggesting partial dominance. The coefficients of regression of Wr on Vr were not significantly different for unity in seed weight (0.96) indicating that the simple additive-dominance genetic model is adequate according to the assumption of Hayman (1954) . However, in surface area of seed the coefficient (-0.31) was significantly different from unity, suggesting the possibility of non-allelic interaction. The presence of substantial non-allelic interactions was also observed for seed surface area in cotton by Rahman et al. (2005) . The regression analysis showed over dominance type of gene action for surface area but partial dominance for the degree of porosity and the percentage of sphericity. As overdominance type of gene action was present, selection based on seed surface area would be difficult in early generations.
The positive correlation between parental values (Pr) and recessive factor (Wr+Vr) indicated that alleles for degree of porosity and sphericity were mostly recessive whereas the higher performances for seed surface where due to the presence of dominant alleles. The association of high porosity or sphericity percentage with recessive genes might present some difficulties for selection during the early generations. The coefficient of correlation between Pr and Wr+Vr was positive but non significant for seed weight indicating the preponderance of a negative dominant gene control. Similar findings were reported for this trait in pea by Gupta et al. (1984) .
Combining abilities reported could be biased by lack of independent distribution of genes in parental lines as a result of small number of lines used in this study. Despites the limitation mentioned above, information from this study is helpful in identifying best sources among the genotypes used. In general, there was a fairly good relationship between the GCA effects and per se performance of the parents for all traits except the geometric surface.
For these traits, it is suggested that the per se performance of the parents could be reliable criterion for selecting parents for hybridization. Obviously, parents 573 and BR1 could be selected in hybridization programmes for improving seed weight and degree of sphericity while genotypes NH and HM could be utilized for increasing the degree of sphericity. Moderate magnitude of heterosis over best parent was recorded in certain crosses particularly CRSP x NH for seed mass, BR1 x NH and CRSP x HM for the surface area of the seed, BR1 x HM for porosity, CRSP x HM and 573 x NH for sphericity. The superiority of hybrids over better parent indicated the parental combinations capable of producing the highest level of transgressive segregants (Fonsecca and Patterson, 1968) . These hybrids can be exploited as basic material for breeding purposes. According to Mather and Jinks (1982) , heterobeltiosis could be linked to one or two of the following situations: (i) the accumulated action of favourable dominant genes dispersed amongst two parents;
(ii) the complementary interaction of additive dominant on recessive genes at different loci; (iii) favourable intra or inter locus interactions referred to as over dominance. Evidently, manifestation of HB might be due to the non-additive gene effects in the parents. It is noteworthy that the crosses, showing consistently positive SCA, also exhibited positive significant HB. The association suggested that HB could be useful for the choice of potentially more segregating populations in situation where SCA cannot be estimated. It is therefore suggested that SCA performance might be considered as a criterion for selecting the best crosses. The low x low or low x moderate general combiners exhibiting high SCA effects suggested gene dispersion and genetic interaction between favourable alleles contributed by both parents. Cross combinations involving poor combiners might be used through intermating in segregating generations and simultaneous selection for desirable traits. Inclusion of F 1 hybrids showing high SCA and having parents with good GCA, into multiple crosses, could be a worthwhile approach for tangible improvement of these seed physical properties.
CONCLUSION
Cowpea genotypes were highly variable for seed physical properties. These characteristics were controlled by additive and non-additive genes. For these traits, recurrent selection might be a useful breeding strategy. Improved methods to predict genetic gain and evaluate these quantitative traits without the environmental influence are also needed. Quantitative trait loci (QTL) may be targeted for future marker-assisted breeding strategies. In chickpea, Hossain et al. (2010) identified two major QTL that together accounted for 20% of the seed size trait.
